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This thesis studies the mechanical reliability of nanostructures. The strength
statistics of Si nanobeams, their dependence on surface morphology and degrada-
tion due to air exposure are characterized and necessary conditions for maximum
strength and durability are determined.
Due to their small sizes and use of low defect materials, nanostructures have
the potential to be used in applications requiring very high stresses at low failure
probabilities. Fracture strength of 190-nm thick Si beams have been shown to be
as high as 13 GPa, approximately 30 times higher than the strength of macroscale
samples. Testing similarly prepared beams etched with relatively smooth mor-
phologies (0.4 nm rms) we showed that the strengths were further improved to 16
GPa, approaching theoretical strengths predicted by previous atomistic calcula-
tions.
To explain this influence, a series of fracture mechanics based Monte Carlo
simulations were performed. Chemically modified surfaces of the tested beams
were measured, statistically characterized and equivalent surfaces were generated.
The surfaces consisted of bunched steps which act as stress concentrators, resulting
in very high local stresses and hence enhancing material failure. Simulations of
nanobeams processed using two different chemical etchants demonstrate the impact
of surface morphology on fracture strengths characterized in terms of the Weibull
distribution. It was shown that even a small increase in roughness reduces the
strength considerably.
This high strength potential is promising for nanomechanical devices requiring
high stress levels. Yet, for practical applications, maintenance of strength through-
out the structure’s service life may be as important as high initial strengths. Tests
performed over a period of three weeks showed that this high strength degrades
to 11 GPa when the beams are exposed to air. Coating the sample surfaces with
protective methyl monolayers resulted in a 10% higher initial mean strength, which
was maintained throughout the test period under the same environmental condi-
tions as the uncoated samples. Our results show that the strength degradation can
be prevented by effective protection of surfaces.
The results of our experiments and simulations suggest that surface control is
essential for the improvement and maintenance of high mechanical strengths at
nanoscales.
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Chapter 1
Introduction
Over the past decade, with the advances in integrated circuit (IC) fabrication
methods, Microelectromechanical systems (MEMS) have attracted a significant
academic and commercial interest. MEMS are tiny devices (with dimensions mea-
suring less then 100 microns) that are generally integrated on a larger silicon
substrate and controlled by electronic circuits to perform mechanical functions.
Their use was demonstrated for a wide variety of novel science and engineering
applications, promising better efficiency and lower cost end products. Some of the
applications include: accelerometers [1, 2], pressure sensors [3], optical micromir-
rors [4], drug delivery systems [5] and passive and active radio frequency (RF)
electrical components in wireless communication devices [6].
The drive to create smaller new devices to perform critical functions requiring
high stress levels makes mechanical characterization at nanoscales a design prior-
ity. As device dimensions decrease, the number of intrinsic volume defects such as
dislocations and grain boundaries (for poly crystalline materials) decreases. Con-
sidering that fracture is related to the presence of surface and bulk defects [7, 8],
nanoscale materials may be able to sustain high stresses at low probability of fail-
ure. However, with decreasing sizes, the surface-to-volume ratio increases, surfaces
and interfaces start to dominate material failure and hence the environmental con-
ditions gain importance.
This thesis presents a study of the mechanical reliability of nanoscale Si de-
vices. Specifically, we investigate the material’s fracture mechanisms, its strength
statistics, and their dependence on fabrication processes as well as on environ-
1
2mental factors. Importantly, we demonstrate that the experimental strengths can
approach theoretical values and that the mechanical service life of the devices can
be significantly improved upon careful modification of the fabrication processes.
In chapter 2, after a brief literature review, we propose two test methods for
mechanical characterization in micro and nano size scales: the STM/SEM method
and the AFM method. The first uses a Scanning Tunneling Microscope (STM)
tip to load the samples while the fracture properties are determined by processing
images taken with a Scanning Electron Microscope (SEM), whereas the second
consists of using a stiff Atomic Force Microscope (AFM) cantilever to load the
samples to fracture.
Chapters 3 and 4 focus on the influence of surfaces on the fracture properties at
nanoscales. In chapter 3, taking low-defect, single crystal Si as our test material,
we experimentally characterize the fracture statistics of nanobeams with chemi-
cally modified surface morphologies. Chapter 4 treats the same problem with a
Monte Carlo simulation to explain our experimental findings and to investigate
the necessary surface conditions for maximum strengths. And finally, chapter 5
studies the influence of air exposure on fracture properties and the maintenance
of high initial strengths.
Chapter 2
Experimental procedures to test the
fracture of nanoscale structures
At MEMS size scales, the fracture properties of materials differ significantly from
the well known bulk properties; they are influenced significantly by the sample
size and often by small changes in the fabrication processes. Hence, to properly
design mechanical components for microsystems, fracture properties should be
characterized testing relevant sized samples that are fabricated with the same
procedures as the final structure. In this chapter, we briefly review the previous
experimental techniques that were used for nanomechanical characterization and
propose two test methods.
2.1 A brief literature review
The methods proposed for fracture testing at small size scales consisted of modifi-
cations to well-established macroscale methods such as tensile and bending tests.
In a tensile test, the specimen is under uniform tensile stress until failure. The
main advantage of this method is its analytical simplicity: the load displacement
curves can be used to determine the Young’s modulus and fracture strength di-
rectly. The high displacement and load resolutions, necessary for nanoscale tests,
can generally be accommodated by using commercially available piezoelectric ac-
tuators and high precision load cells [9]. Yet, the handling of the test specimen
remains as the major challenge; it is very difficult, if not impossible, to grip an
individual micron-sized tensile test sample from both ends and to apply a load.
3
4To overcome this problem, Tsuchiya and co workers [10] used an electrostatic
gripping method. The tensile samples, cantilever beams with lengths between
30-1000 µm, were fixed to a Si substrate. As sketched in Figure 2.1, a conduc-
tive probe coated with an insulated film was approached to the free end of the
cantilever, attached to the sample by electrostatic force (through application of
electric current) and pulled away with a piezo controlled stage, applying a ten-
sile stress on the test sample. The displacement was measured with the help of
a strain gauge on the precise stage and the force measurements were performed
with a strain gauge attached to the probe. The experiment was monitored with
an SEM. In a later study, Sharpe [11] improved the displacement measurement ac-
curacy by introducing strain measurements via laser interferometry, using closely
spaced reflective gauge markers deposited on the sample.
Figure 2.1: Electrostatic gripping method developed by Tsuchiya and co-workers
[10]
Chasiotis and Knauss [12] used a similar method to test 400 micron long dog
bone shaped test samples attached at one end to the Si substrate. The samples
5were gripped with an electrostatically assisted adhesive application and load was
applied by an inchworm actuator. The local deformation field on the surface was
recorded with an AFM and analyzed using digital image correlation to determine
the strain fields.
Ando et.al [13] avoided problems related to sample gripping by designing an
on-chip device consisting of a test sample attached to a much larger lever arm.
The procedure is sketched in Figure 2.2. A bending load on the lever arm was
translated into an indirect tensile load on the sample and the stress and strain at
failure were determined using the displacement and load applied on the lever arm.
Figure 2.2: Indirect tensile testing procedure developed by Ando et. al [13]
Other researchers used bending tests for nanomechanical characterization. Wil-
son et. al [14] tested Si cantilever beams (lengths changing between 350 and 700
µm) with a load-pin attached to a force transducer. The load was applied by
bringing the load-pin into contact with the test sample and moving the sample
against the pin with a microdisplacement calibrator (Figure 2.3). Once the force
displacement curves were obtained, fracture stresses were extracted from a three
6dimensional (3D) geometrically nonlinear, anisotropic finite element analysis of the
experiment.
Figure 2.3: Bending tests performed by Wilson et. al. [14]
Johansson et. al [15] developed a test equipment to load cantilever beams with
a probe in an SEM. The sample was fixed on an XY table which could be moved
laterally to position the probe on the cantilever. The applied load is measured by
a strain gauge attached to the cantilever and the strains are calculated (and not
measured), while the SEM is used to determine the load application point and to
image the experimental process.
Another popular method for bending tests, using an atomic force microscope
cantilever to load the samples [16, 17, 18] is discussed in detail in section 2.3.
Bending tests have many advantages over tensile tests: gripping of the test
samples is no longer a problem and the experimental procedures are generally
simpler. Another important advantage is that the fracture initiation point can
7be better controlled. In an un-notched tensile test sample, fracture load can be
reached anywhere along the beam: sidewall surfaces, beam top or undersides have
equal stresses and hence the defect distribution on all sides should be carefully
considered. Bending samples can be designed so that maximum stress occurs on
the critical sites and hence simplify the necessary statistical analysis. This point
will prove to be very useful when studying the effects of surface morphology on
the strength distribution in chapter 3. Yet, a disadvantage is that the stress strain
measurements must often be done indirectly. Load and displacement measure-
ments are obtained from the experiment and the stresses at fracture are inferred
by using analytical calculations such as finite element analysis (FEA).
Here, we present two bending test methods: The first (section 2.2) uses a
combined Scanning Tunneling Microscope and Scanning Electron Microscope set-
up and digital image processing to determine the fracture strength. The second one
(section 2.3) employs the AFM method with major improvements in the analysis .
2.2 Fracture tests with STM/SEM
The method presented in this section uses Scanning Tunneling Microscope (STM,
JEOL UHV-4500) and Scanning Electron Microscope (SEM, JSM 5400) in com-
bination with digital image processing to test the bending strength of micron size
scale cantilever beams. The experiment consists of using the STM tip to load a
cantilever while acquiring a sequence of digital images with the SEM, from the first
load up to the point of fracture. To process this sequence, a mathematical model
cantilever having the same size and cross section as the tested beam is created and
its deflected shape under loading obtained by large deflection beam theory. The
deflected model cantilever is mapped to the SEM screen and its load is iterated to
8best fit the experimental image. The material’s fracture strength is then calculated
from the load.
Advantages of this approach are that it allows the rapid testing of samples
made from relatively simple procedures and it allows us to visually observe the
failure of the beam. Another important advantage comes from the use of JEOL
UHV-4500 STM: The high-vacuum STM chamber can be used both to anneal
the samples prior to testing and to image their surfaces. A disadvantage is that
the load applied to the sample is calculated from image analysis and not directly
measured.
To demonstrate the method, a series of fracture strength tests were performed
using commercially available (Veeco TESP) Si (100) AFM cantilevers as test spec-
imens. As the applied force is not directly measured, the failure stress must be
inferred from the deformed shape of the beam just before failure, knowing the di-
mensions and the elastic properties of the beam material. If unknown, the elastic
modulus of the material can be determined by resonant frequency measurements.
The dimensions of the beams are readily measured using an optical surface profiler
and an SEM with an accuracy of 0.1 microns. The cantilevers were 125 microns
long, 4.40 microns thick and with a trapezoidal cross section, upper and lower
widths being 17.4 and 26.4 microns respectively. Samples were tested as received
and after heat treating in high vacuum to 375, 650, 825 and 1000 ◦C
The samples are clamped with the cantilever extending from the sample holder
and orthogonal to the STM tip, see Figure 2.4. The tip is located near the end
of the beam, and using the coarse motion control of the STM, pushed against the
beam, deflecting it . For accurate imaging of the surfaces with STM, a very sharp
tip is needed. However, to avoid breaking the tip when it loads the sample, the tip
9must be blunted. Tips of 4 micron end radius were prepared from tungsten (W)
wires using electrochemical etching. For details of the tip fabrication, see [19].
2.2.1 Calibration of SEM images
The deformation of the beam is determined based on analysis of digital SEM
images obtained during loading. To accurately determine the beam deflection, the
imaging system must first be carefully calibrated. For this purpose the 3-D grid
structure shown in Figure 2.11 is used. Dimensions of this structure were measured
ahead of time.
The SEM is directed towards the sample at a 45 degree azimuth rotation and
45 degree vertical elevation. Once loaded in the high vacuum chamber, the sample
faces the STM tip perpendicularly. However, because of its position relative to the
sample holder, it is generally subject to an unknown, in-plane rotation θ1 around
the tip, see Figure 2.6. Moreover, due to possible focus errors, the vertical and
horizontal magnifications of the SEM may be different by a scaling factor r and the
SEM axis may be rotated around the centerline of the SEM by θ2. Hence; in order
to get the screen coordinates, rotation and scaling of the SEM axis is necessary.
The screen coordinates are related to the sample coordinates by
Xscreen = SRz2RmagRxRyRz1Xsample (2.1)
where the transformation matrices are defined in Table 1 and S is a scaling factor
that transforms units from microns to pixels.
The angles θ1, θ2 and the constant r must be determined prior to any further
analysis. For this purpose, an exact synthetic image of the calibration sample is
created. Varying the parameters, the rotation matrices are computed and applied
10
Table 2.1: Rotation matrices used for coordinate transformation
Rz1 =


cos(θ1) sin(θ1) 0
−sin(θ1) cos(θ1) 0
0 0 1


Ry =


cos(β) 0 sin(β)
0 1 0
sin(β) 0 cos(β)


rotation of the sample rotation of the SEM in the
around the STM tip horizontal plane, β = pi/4
Rx =


1 0 0
0 cos(α) sin(α)
0 sin(α) cos(α)


Rmag =


1 0 0
0 r 0
0 0 1


vertical elevation of the SEM scaling the vertical elevation
α = pi/4
Rz2 =


cos(θ2) sin(θ2) 0
−sin(θ2) cos(θ2) 0
0 0 1


rotation of the screen axis with
respect to the SEM axis
11
to the synthetic image to get its projection onto the SEM screen. The images
are compared and the iteration is continued until the best fit between the SEM
image and the synthetic image is obtained. The iteration for the rotation of the
sample around the STM tip, θ1, must be repeated each time a new sample is loaded
inside the vacuum chamber. Once the imaging system is calibrated, images of the
deformed beam can be analyzed to determine deflection at failure.
2.2.2 Test cantilever under applied load (Elastica beam
theory)
For a cantilever beam subject to an end load P , the governing differential
equation is
1
ρ
=
d2y
dx2
(1 + ( dy
dx
)2)
3
2
=
Px
EI
(2.2)
where ρ is the curvature, y the deflection, P the applied end load, x the distance
from the support, E the elastic modulus and I the moment of inertia of the beam.
Because of large deflections, the nonlinear term, (1 + (dy
dx
)2)
3
2 in equation (2) cannot
be omitted. For a detailed explanation of the solution to the nonlinear equation,
see [20]. The deflected shapes of a cantilever beam loaded with increasing forces
at a fixed lever arm, l, are plotted in Figure 2.7. Note that the sliding contact
between the STM tip and the sample during loading is accounted for in the analysis
of the data.
2.2.3 Determining the fracture strength
To determine the fracture strength, a synthetic image of the tested cantilever is
created. Using large deflection beam theory, the deflected shapes of this imaginary
cantilever are obtained for increasing loads. These are then mapped onto the
12
computer screen with the transformation matrices obtained through the above-
mentioned calibration process. The next step is to compare these with the digital
SEM images from the experiment, which correspond to deflected shapes of the
cantilever for different loadings up to the point of fracture. The images of interest
are filtered, their edges are detected and the right edge is plotted. The load applied
on the imaginary beam is iterated until the best fit between the synthetic image
and the processed SEM image is obtained, see Figure 2.8. Considering the final
image obtained before fracture, the fracture load and hence fracture strength can
be determined.
For the tested AFM cantilever, the measured fracture strength was 6.4 GPa.
(This corresponds to a load of 1.72EI
l2
in Figure 2.7) The elastic modulus for the cal-
culation is taken to be the (100) bulk value of 130 GPa (an anisotropic calculation,
performed with finite element analysis could also be used). Next, the experiment
was repeated with cantilevers that are annealed at different temperatures. The
fracture strength after annealing showed variations from the untreated sample; we
observed a fracture strength (σf ) of 9.1 GPa after annealing at 375
◦C, 6.1 GPa
after 650 ◦C, 11.5 GPa after 825 ◦C, and 8.1 GPa after 1000 ◦C. Although we
are not yet able to draw any conclusions, because we do not yet have a statistical
interpretation, we believe that this variation in fracture strength is related to the
change in surface properties with annealing. SEM images of fracture surfaces (top
views of the beams) for different temperatures are presented in Figure 2.9. As the
annealing temperature increases, the fracture surfaces become smoother.
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Figure 2.4: Cantilever facing the STM tip.
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Figure 2.5: Calibration sample in sample and screen coordinates.
Figure 2.6: Sample, world and SEM coordinate systems.
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Figure 2.7: Deformed shapes of a cantilever beam under different loadings.
Figure 2.8: Determining the fracture load from deflected shapes of beams a) the
sequence of SEM images taken during the experiment b) right edges of the deflected
beam plotted with synthetic images for increasing loads
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Figure 2.9: Fracture surfaces of samples tested after a) no heat treatment, σf=6.4
GPa b) 825 ◦C annealing, σf=11.5 GPa c) 1000
◦C annealing, σf=8.1 GPa.
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2.3 Fracture tests with Atomic Force Microscope
Despite its advantages, the STM/SEM set-up described in the previous section
was not applicable to test samples with lengths smaller than ∼ 100 µm due to
the low resolution of the SEM being used. In this section we discuss a second test
method, which uses Atomic Force Microscopy (AFM). Mechanical testing with
AFM will allow us to test much smaller samples and we will obtain direct force
and displacement measurements after a careful calibration.
AFM is a powerful analytical tool used mainly to determine the surface topog-
raphy of structures with the help of a (usually) compliant cantilever attached to a
piezo scanner. For instance, in contact mode operation, the cantilever is brought
into contact with the sample surface and the surface features are mapped by ob-
serving the displacement of the cantilever. A feedback control loop moves the piezo
scanner vertically at each scan point to maintain a fixed force between the tip and
the sample. This vertical piezo displacement is stored and can be used to form a
topographic image of the surface.
In our tests, we use AFM as a nanomanipulation tool. Our approach is sim-
ilar to that used by previous researchers, [16, 17, 18], however, with significant
improvements in force and strength measurements and analysis.
2.3.1 Test Procedures
The test consists of using an uncoated, stiff, single-crystal Si AFM cantilever (Veeco
TAP525) to deflect the center of doubly clamped test beams to the point of fracture,
as sketched in Figure 2.10. The applied force, F , and the deflection of the beam,
δbeam, during loading are continuously measured and the fracture strength of each
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beam is inferred from a finite element simulation.
As a first step in the experiment, the position of the AFM cantilever tip relative
to the test beam and the load application point must be determined. For this
purpose, the beam is imaged by a contact mode scan and the geometric center of
the beam (where the load is applied) is determined from the AFM image. Using
the piezo controls, the cantilever tip is offset to the beam center with an accuracy
of 20 nm. Next, the beam is loaded. When the piezo scanner is extended by δpiezo,
the AFM cantilever pushes against the beam, and the beam center is deflected
by δbeam while the cantilever undergoes an upward displacement of δcantilever as
sketched in Figure 2.10.
2.3.2 Deflection Measurement
The cantilever deflection, δcantilever, is monitored with a split photodiode detector
[21]. Laser light from a solid state diode is reflected off the back of the AFM
cantilever and collected at a position sensitive photodetector. The deflection of
the cantilever results in a change in the output signal, which is used to measure
deflection. Hence, before each experiment (every time a cantilever is attached to
the piezo scanner), the relation between δcantilever and the photodetector signal, Sp
(in Volts), must be calibrated.
AFM deflection sensitivity calibration
To relate Sp (V) to δcantilever (µm), the cantilever is brought into contact with a
non-compliant surface. (Any location on the thick substrate, away from the test
structures can be used for this purpose.) The piezo is extended by a known dis-
tance, δpiezo, pressing the cantilever against the surface and the corresponding Sp
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Figure 2.10: Schematic of AFM cantilever loading a doubly clamped beam
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is monitored. Since the surface remains rigid (neglecting elastic contact deforma-
tion), δcantilever = δpiezo throughout the calibration. Figure 2.11 shows a typical
calibration curve which demonstrates the dependence of Sp on δpiezo. Considering
the nonlinearity, this relation was characterized by a 3rd order polynomial
δcantilever = c1Sp
3 + c2Sp
2 + c3Sp. (2.3)
The constants c1, c2 and c3 were determined by a least-squares fit. During the test,
since the total piezo extension, δpiezo equals the summation of the cantilever and
beam displacements, the beam deflection can be expressed as
δbeam = δpiezo − δcantilever. (2.4)
2.3.3 Force Measurement
The force applied on the beam, F , can be obtained from the cantilever displace-
ment. F is equal in magnitude and opposite in direction to the load that causes
the cantilever to deflect by δcantilever. As seen in Figure 2.10, the AFM cantilever
makes a 10◦ angle with the horizontal. Hence, any load, F , applied on the test
structure will have a vertical component, Fv = F cos(10
◦) and a much smaller
horizontal component, Fh = F sin(10
◦) (which was calculated to have a negligible
effect). Hence, the vertical force applied on the beam can be determined as
Fv = kcantileverδcantilever, (2.5)
where kcantilever is the stiffness of the AFM cantilever. Accurate force measurements
depend directly on the cantilever stiffness. The cantilevers (Veeco TAP525) used in
the experiments were purchased from Veeco probes. Using commercially available
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Figure 2.11: AFM cantilever deflection sensitivity calibration (δcantilever = δpiezo).
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cantilevers saves a lengthy fabrication step, however, since the specifications are
not precise, a careful calibration process is needed to determine kcantilever.
AFM cantilever stiffness calibration
Before the experiment, the dimensions of the AFM cantilever were determined.
The lateral dimensions were measured by an SEM, and, the tip height and location
were measured by an optical surface profilometer. To accurately determine the
cantilever thickness, h, accurately, resonant frequency of the cantilever in air, fair,
was measured with the AFM. The piezo scanner to which the cantilever is attached
was vibrated at different frequencies and the amplitude of vibration was monitored
with the photodetector signal. The vacuum frequency, fvac, was calculated by
correcting for the air damping effect [22],
fvac = [1 +
pibρair
4hρcantilever
]
1
2fair (2.6)
where ρair and ρcantilever are the densities of air and the cantilever material (Si)
respectively, b is the average width and h the thickness of the cantilever. For typ-
ical cantilevers used in our tests, fvac ∼ 1.002fair. The vibration of the cantilever
was calculated by FEA. The cantilever was meshed using quadratic 8-node shell
elements (Figure 2.12) and the minimal effect of the pyramidal tip was considered
as an added mass. The thickness, h, was iterated until fvac matched the FEA reso-
nant frequency. The stiffness of the Si AFM cantilever, kAFM , was then calculated
from a static FEA which incorporated the known mechanical properties and the
exact cantilever geometry.
A typical cantilever used in the experiments had a length L=135 µm and a
trapezoidal cross section with, top width, wt=48 µm, bottom width wb= 24 µm,
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Figure 2.12: FEA simulation of the vibration of the AFM cantilever. The colors
indicate beam deflection corresponding to the first vibration mode. The corre-
sponding resonant frequency, fvac=448.72 kHz and stiffness, kAFM=241.4 N/m.
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height h=5.27 µm and a resonant frequency fvac= 448.72 kHz. The corresponding
stiffness, kcantilever=241.4 N/m.
2.3.4 Determining the fracture strength
After the stiffness of the cantilever was determined and the photodetector deflec-
tion sensitivity was calibrated, repeat fracture tests were performed. During the
experiment Fbeam and δbeam were continuously measured and the fracture strength
of the tested samples were determined from a finite element analysis (FEA) of the
experiment. A load Fv that is equal in magnitude to the experimental fracture
load was applied to the geometric center of the beam, the tensile stress distri-
bution along the beam-length direction was determined and the maximum stress
corresponding the experimental failure load was inferred as the fracture strength
of the sample. The strength calculations and details of the FEA simulation are
demonstrated in chapter 3.2.1.
2.3.5 Accuracy of the measurements
The precision of the strength measurements depends on the precision of the force
measurement, since the fracture load is used to extract fracture strength from
FEA. Using equation 2.5, ∆F
F
, the relative error in force measurements
∆σ
σ
=
∆Fv
Fv
=
∆kcantilever
kcantilever
+
∆δcantilever
δcantilever
. (2.7)
The cantilever stiffness can be expressed as
kcantilever α
bh3
L3
(2.8)
for cantilever width, b, thickness, h, and length, L. Similarly,
h α fvacL
2 (2.9)
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where fvac is the resonant frequency in vacuum. Hence equation 2.7 can be ex-
pressed as
∆σ
σ
=
∆b
b
+ 3
∆fvac
fvac
+ 6
∆L
L
− 3
∆L
L
+
∆δcantilever
δcantilever
. (2.10)
The accuracy in the width and length measurements were related to the resolu-
tion of the SEM images and were calculated to be ∆b
b
= 0.01 and ∆L
L
= 0.002
respectively. Similarly, ∆fvac
fvac
= 0.003 The precision of the AFM cantilever dis-
placement is directly related to the precision of the AFM piezo scanner, and it was
conservatively assumed that
∆δcantilever
δcantilever
= 0.1 (2.11)
Hence,
∆σ
σ
= 0.12 (2.12)
2.3.6 Limitations of the method
The main advantage of the AFM over the STM/SEM method is that it does not
require a complex set-up. Any AFM with a closed-loop scanner and commercially
available cantilevers can be used to repeat the tests in different environments.
However, before testing, some design considerations should be taken into account
to address the limitations of the method.
The deflection measurements are affected by the compliance of the AFM can-
tilever, the compliance of the tested sample and the limitations of the photode-
tector read-out. To be able to monitor the load and deflection of the test beams,
the AFM cantilever used in the experiment has to be much stiffer than the can-
tilevers used for imaging. The calculated stiffness of a typical cantilever used in
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Table 2.2: Calculated maximum stress and displacement values for different beam
dimensions
Effective Effective Thickness (nm) Maximum Maximum
Length (µm ) Width (µm) stress (GPa) deflection (µm)
3 0.5 100 36.2 1.12
3 0.5 250 18.4 0.69
5 0.5 100 36.9 1.5
5 0.5 200 21.9 1.1
10 1 150 23.1 1.62
10 1 200 18.1 1.4
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the experiments was approximately 240 N/m, (as compared to a usually observed
tapping mode cantilever stiffness of ∼40 N/m [23]). On the other hand, no useful
information could be extracted from an infinitely stiff cantilever.
The allowable dimensions for the test structures were determined consider-
ing the limitations of the photodetector and the stiffness of the available AFM
cantilevers. From Figure 2.11 the maximum possible photodetector signal was ob-
served to be 18 Volts. For the cantilevers used, this corresponds to a maximum
δcantilever of 1.3 µm and to a maximum force of ∼320 µN. Similarly, the maximum
piezo displacement was limited to an approximate 4 µm, hence, the allowable beam
deflection, δbeam ≤ 2.70µm. Considering that the maximum stress values at frac-
ture would be smaller than calculated theoretical strength of 23 GPa [27], beam
dimensions that could generate a maximum stress of 23 GPa and a maximum δbeam
of 2.70 µm were determined using iterative FEA simulations of a sample beam ge-
ometry loaded at the center with a point load. The beam was meshed with 0.25
µm sized 20 node brick elements and the maximum tensile stress and beam deflec-
tions were calculated (see Table 2.2). The geometry of typical test beams and the
fabrication procedures are discussed in chapter 3.1.
2.3.7 Analysis of the previous AFM fracture tests
We emphasize that the previous study by Namazu and co-workers [17] using AFM
to test mechanical properties of materials, calculated the stress at fracture using
linear beam theory resulting in a linear force-deflection curve. To determine the
applicability of the linear analysis we simulated the deflection of the beams reported
in [17] using a geometrically nonlinear, three dimensional finite element analysis
(FEA). The beams were 6µm long and 255 nm thick. The elastic modulus was
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taken to be 169.9 GPa. Figure 2.13 shows the deflected shape of a typical test beam
from Namazu’s experiments. The beam was meshed with 100 nm sized 20-node
quadratic brick elements.
Namazu et. al wrongly claim that due to fixed supports load-displacement
curves would be linear even at large deflections. The geometric nonlinearity is
related due to the large tensile stress that develops at increasing deflections and
not due to moving supports. The increasing tensile stress stiffens the beam and
results in the observed nonlinearity in load-deflection curves.
Figure 2.14 compares the data reported by Namazu and co-workers with non-
linear FEA results. The reported values agree with the initial, linear part of the
simulation. This is to be expected, since for small deflections the behavior is lin-
ear. However, the remaining part of the load deflection curve is highly nonlinear
and hence linear beam theory cannot be used accurately. Similarly, the maximum
stresses corresponding to increasing beam deflections also follow a nonlinear curve.
Our study indicates that the linear analysis underestimates the stresses by up to
50%.
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Figure 2.13: a) Deflected shape of the beam used in Namazu and co-workers’
experiments [17] simulated by FEA. The colors indicate stress levels.
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Figure 2.14: a) Analysis of Namazu and co-workers’ experiments [17]: a)load vs.
deflection b)maximum stress vs. load and c) maximum stress vs. deflection curves
for a 6 µm long doubly clamped beam with a trapezoidal cross section sketched in
Figure 2.13 (wt= 370 nm, wb=200 nm, h=255 nm).
Chapter 3
Effect of surface morphology on strength
of nanobeams
The growing commercial and research interest in microelectromechanical systems
(MEMS) has attracted significant attention to the mechanical characterization of
materials as used in nanoscale devices [24]. Silicon (in single or poly crystalline
form or as a compound with other materials) is by far the most commonly used
material in MEMS technology. There is generally good agreement on the elastic
properties of Si at nanoscales: theoretical studies show that bulk elastic properties
apply down to a length scale of several nanometers, [25, 26], and, this is also con-
firmed by previous experimental studies [11, 17]. In contrast, strength properties
vary greatly for both single and poly-crystalline crystalline Si [24] and a large gap
exists between experimental and theoretically predicted strength values.
The ideal strength of Si is very high. Atomistic calculations considering the
breaking of bonds in a defect free crystal suggest a theoretical tensile strength
of 23 GPa and a shear strength of 6.5 GPa on the {111} planes [27]. Yet, real
materials (at macroscales) are typically much weaker than values predicted by a
bond strength analysis, as existing defects reduce strength. For example, mm-size
silicon samples were shown to have a mean strength of 0.5 GPa [17] corresponding
to approximately 1/50th of the theoretically predicted value.
An estimate for the minimum defect size that will cause material failure can
be obtained by an order of magnitude calculation considering Griffith fracture
criterion [7]. Griffith criterion explains material failure by energy balance and
suggests that an infinitesimal crack will propagate when the available strain energy
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is larger than that needed to create new surfaces. For a surface energy per unit
area γ, elastic modulus, E and a critical edge crack size of lc, the plane-stress
fracture strength of the material is given by [28]
σf =
1
1.12
√
2Eγ
pilc
. (3.1)
Hence, the minimum defect size
lc =
2Eγ
pi(1.12σf )
2 . (3.2)
For known theoretical strength, σf = 23 GPa [27], and γ = 1.25 J/m
2 [28], equation
3.2 suggests that an ideal edge crack of length, lc ≥ 0.2 nm will cause failure of an
otherwise defect free material, at stresses below the theoretical strength.
Existence of much larger defects is unavoidable for macroscale structures. How-
ever, as dimensions decrease down to nanometers, the probability of finding critical
defects decreases and the material should be able to sustain much higher stresses.
Tsuchiya [10] and co-workers were among the first researchers to demonstrate
this size dependence. Using the electrostatic gripping method, sketched in Figure
2.1, they showed that tensile strength of polysilicon films increased from 2.2 GPa
to 2.8 GPa with lengths decreasing from 300 µm to 30 µm. A statistical analy-
sis showed that the dominant defects causing failure were on the beam sidewalls.
Chasiotis and Knauss [28] treated the same problem considering the location of
critical flaws and effects of sample geometry. McCarty and Chasiotis [29] analyzed
the strength testing procedures to locate the critical flaw populations. Among
other research, Namazu’s AFM bending tests [17] have shown the most significant
size dependence, although there are some important ambiguities in the data analy-
sis, see chapter 2.3.7. According to the reported values, the strength of Si increases
from 0.5 GPa to 17.5 GPa as the size changes from mm to nm’s. Scatter in the
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experimental values was found to decrease with decreasing sizes.
This high strength potential of nanomaterials is promising. However, at small
size scales, with increasing surface/volume ratio, and decreasing intrinsic defects,
nanofabrication processes gain importance. For instance the surface defect density,
or for polysilicon, the grain size and orientation are expected to affect the strength
properties.
In 1993, Koskinen [30] tested 10 mm long polysilicon fibers and showed that
increasing the grain size from 50 nm to 500 nm, hence reducing the number of
discontinuities (or cracks) within the test sample, increased the mean strength
from 2.86 GPa to 3.89 GPa. Similarly, Sharpe [31] tested samples obtained from
different fabrication runs and showed that the strength values vary between 1.56
to 3.09 GPa while the elastic properties remained the same.
To gauge the effects of different surfaces on the strength of single crystal Si,
Wilson et. al., [14], tested cantilever beams (lengths changing between 350 and 700
µm and thicknesses between 16 µm and 30 µm) loaded in two different directions.
Their results showed that beams with rough surfaces (due to etching in KOH)
had a mean strength (1 GPa) 3 times lower than the strength of beams with
smooth surfaces (3 GPa). This was a first attempt to determine the effect of
surface morphology, however, the surfaces that were assumed to be smooth were
not characterized, and the corner singularities at beam supports (which caused the
failure of the beams) were ignored. Similarly, Chen, et. al [32] characterized the
effects of Deep Reactive Ion Etching (DRIE) related roughness showing an increase
in strength with decreasing sidewall roughness.
Chasiotis and Knauss [33] characterized the effects of post fabrication treatment
with hydroflouric acid on the tensile strength of polysilicon. Testing 250 and
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1000 µm long polysilicon samples, they showed that with increasing exposure time
in HF, surface roughness increased and strength of the tested samples decreased
significantly from 1.43 GPa to 0.25 GPa.
Can nanoscale materials reach their ideal strengths or will the mechanical per-
formance be limited by process induced surface defects or atomic steps? To inves-
tigate this question, 190-nm-thick, H-terminated, single-crystal silicon beams with
well defined surface morphology were fabricated using conventional IC fabrication
methods (section 3.1) and tested with the AFM method described in section 2.3.
Our results show that even a small increase in surface roughness (1.5 nm rms)
induced by chemical etching significantly reduces fracture strength, demonstrating
the importance of MEMS processing conditions for maximum strength.
3.1 Sample preparation
Due to low number of defects at small scales and the lack of grain boundaries,
single crystal Si is an ideal material to study the effects of surfaces on mechanical
performance. Our test structures (Figure 3.1) were 187 and 202 nm thick, 530-nm-
wide, 12-micron-long Si beams attached to the substrate on both ends, effectively
forming doubly clamped beams. The beam dimensions were chosen according
to the limitations of the AFM method, described in section 2.3.6. The beams
were fabricated from 0.1◦-miscut, very high resistivity (larger than 1000 ohm-
cm), floating-zone (FZ) Si (111) wafers using a combination of optical lithography,
reactive ion etching (RIE) and wet etching [34]. Any dopant-related defects and
any procedures that could cause surface damage were avoided. The shape of the
beams were designed so as to avoid stress singularities at the corners and to force
the maximum stress to the beam center at the bottom surface. The triangular
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Figure 3.1: A Silicon test beam before the test
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trench walls were chosen to prevent undercutting during chemical etching.
The fabrication steps are summarized in Figure 3.2. The lateral shape of the
beams was formed photolithographically (the length of the beam was parallel to
the [11¯0] direction) and the beam height was defined by reactive ion etching (RIE).
The structures were then protected by a 100-nm-thick, well annealed thermal ox-
ide, which presumably minimized any RIE-induced damage, and smoothed the
sidewalls [35]. Using a second step of photolithography and RIE, a deep triangular
well, was defined around (but not under) each beam. The wafer was then diced
into conveniently sized samples and stored until needed.
3.1.1 Surface modifications through wet etching
Before each experiment, the sample chip was cleaned with a modified RCA clean
[34] and the oxide-protected suspended beams were released from the substrate
by wet etching using one of two different aqueous base solutions. The first etch
consisted of a 4 min 20 sec immersion in 72◦C, 50% potassium hydroxide (KOH,
Lab Chem) and the second etch consisted of a 3 min KOH etch followed by a 4 min
immersion in 72◦C, 25% tetramethylammonium hydroxide (TMAH, Transene).
Both solutions are anisotropic silicon etchants that remove all non {111} Si planes
while not attacking the protective oxide layer. As a result of this anisotropy, the
etch self-terminated on the triangular {111} well walls and the beam backsides.
Both etches produced nominally flat, H-terminated Si111 surfaces. After release,
the protective oxide was removed from the top and side surfaces of the beams
without further silicon etching using a 2 min immersion in buffered oxide etch (J.
T. Baker, a 5:1 mixture of NH4F:HF aq.), which left all surfaces H-terminated.
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Figure 3.2: Summary of the fabrication procedures a) the beams are defined b)
protective thermal oxide grown c) triangular trenches are formed d) beams are
released with KOH and TMAH, and e) the protective oxide is stripped, leaving H
terminated surfaces.
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Figure 3.3: AFM images and line scans of etched beams. a) A 4 min KOH etch
leads to a macrostep-covered surface (1.5 nm rms), and b) a 3 min KOH etch
followed by a 4 min TMAH etch leads to smooth surfaces (0.4 nm rms).
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3.1.2 Surface characterization
Despite their chemical similarity, the two anisotropic etches produced very different
surface morphologies on the unprotected backsides of the beams. To characterize
the different surfaces, 1.5-micron-wide beams were prepared in a similar way. After
release, individual beams were separated from the sample chip using a double-sided
tape and their backsides were characterized with an AFM scan shown in Figure
3.3. The first etch, KOH, produced atomically smooth Si{111} terraces separated
by few-nm-high step bunches or macrosteps [36]. In contrast, the second etch
produced much smoother surfaces with no apparent step bunches, as shown by
Figure 3.3(b). Surface roughness is often characterized by a single parameter, the
root-mean-square (rms) roughness, Rq; however, it should be emphasized that this
parameter is relatively insensitive to morphological structure (e.g. step bunches).
From AFM images, the rms roughness of the KOH-etched surfaces was 1.5 nm,
whereas the KOH/TMAH-etched surfaces had a 0.4 nm rms roughness.
3.1.3 Measuring the beam thickness
The final beam thickness was a function of the depth of the first RIE etch (h0)
and the rate (r) and duration (T ) of the anisotropic etch [34].
h = h0 − rT (3.3)
To calculate the beam thicknesses, the resonant frequencies of 3 similarly pre-
pared beams (that were immersed in 3 min KOH etch, 3.5 min KOH etch and
3 min KOH and 2 min TMAH etch) were measured in high vacuum [34]. The
samples were attached to a piezoelectric ceramic which was excited at increasing
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frequencies, vibrating the beams. The amplitude of vibration of the beams was
monitored with laser interferometry and the resonant frequency corresponding to
the maximum amplitude was determined.
The measured frequencies were converted to thickness by comparison to FEA
simulations which incorporated the full anisotropy of the Si lattice and known
mechanical properties. The stress and strain tensors (σ and ) are related as
σ = D (3.4)
where
σ =


σ11
σ22
σ33
σ12
σ13
σ23


,  =


11
22
33
12
13
23


(3.5)
The corresponding elasticity tensor [37] used for the FEA analysis is
D =


94.4 54.3 44.767 0 0 13.529
194.4 44.767 0 0 −13.529
203.967 0 0 0
70.33 13.529 0
60.467 0
60.467


GPa. (3.6)
The coordinate system is defined in Figure 3.1
The corresponding etch rates of KOH and TMAH were determined to be rKOH
= 39.3 nm/min and rTMAH = 8.5 nm/min respectively. The thicknesses of the
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KOH and KOH/TMAH etched beams were calculated to be 187 nm and 202 nm
respectively using the etching time in each chemical.
3.2 Experiments
An uncoated, stiff, single-crystal Si AFM cantilever (Veeco TAP525) was used to
deflect the center of each beam to the point of fracture, as sketched in Figure 2.10
and explained in detail in chapter 2.3.
3.2.1 Determining the fracture strength with FEA
Figure 3.4 shows a fractured test beam. Because of their high strength, and low
thickness/length ratio, the nanobeams withstood large displacements (∼ 5 times
the beams’ thickness) before fracture. To account for the anisotropy of the me-
chanical properties of the silicon lattice, the large deflections at fracture and the
non-uniform cross section of the beam, a geometrically nonlinear-3D-anisotropic
FEA was used to extract the fracture strength (the maximum tensile stress in the
beam-length direction , [11¯0]) from the load applied at the point of failure.
In the analysis, known anisotropic material properties (equation 3.6) for Si
were used. The beam was meshed by (100 nm sized) 20-node quadratic brick
elements. The calculated strengths for different FEA mesh sizes are shown in
Figure 3.6. An initial load Fv was applied to the geometric center of the beam.
The loads were ramped to the maximum experimental fracture load value and the
beam deflections and the maximum tensile stress values (along the beam-length
direction) at increasing loads were determined by FEA. Figure 3.7 compares the
measured applied force, Fv, as a function of deflection to that predicted by both
linear elastic theory and the geometrically nonlinear FEA simulation. Figure 3.5
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Figure 3.4: A fractured test beam showing cleavage along {111} planes
Figure 3.5: Deflected shape of a test beam (seen from the backside) at fracture
obtained by FEA. Tensile stress distribution along the beam is indicated by colors.
43
Figure 3.6: Calculated strengths for different FEA mesh sizes.
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shows the deflected shape of a typical 12 µm long test beam and stress levels at
the fracture load.
3.2.2 Weibull probability analysis
A defect-free crystal would presumably always fracture at the same load, due
to breaking of bonds every time it is loaded. The fracture of a real material
however, is dominated by randomly distributed defects and hence the fracture
properties should be treated statistically. The fracture strength of brittle materials
is commonly characterized by a Weibull probability distribution, which models
“weakest link” failure: the whole sample fails when the stress at the weakest link
(i.e. surface or volume defect) is exceeded [38, 29]. In our experiments, since
defects at the top and side surfaces were minimized, and fracture always occurred
at the center, the chemically modified beam backsides were assumed to be the
active flaw sites.
The Weibull probability density function is given by
f(σ) =
ρ
σ0
(
σ
σ0
)
ρ−1
e−(σ/σ0)
ρ
(3.7)
The corresponding cumulative probability of failure is a function of the stress, σ,
and is expressed as
Pf (σ) = 1− e
−( σ
σ0
)ρ
, (3.8)
where σ0 is the Weibull strength, and ρ is the Weibull shape parameter. The
Weibull strength, σ0 is the strength corresponding to an approximate 60 % failure
probability. Similarly, the shape parameter controls the width of the strength
distribution, with large scatter corresponding to small ρ. Figure 3.8 shows the
effect of Weibull parameters σ0 and ρ on the cumulative failure probability.
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Figure 3.7: Comparison of an experimental load-deflection curve with those pre-
dicted by linear elastic theory and geometrically nonlinear FEA calculations.
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Figure 3.8: a) Dependence of cumulative Weibull failure probability on a) ρ for
σ0=40 and b) on σ0 for ρ=10.
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Taking the logarithm of both sides twice, equation 3.8 is expressed as
ln(ln(
1
1− Pf
)) = ρ ln(σ)− ρ ln(σ0) (3.9)
After each set of experiments, the calculated fracture strengths σ are ordered, and
each of the N strength values are assigned a failure probability Pf (i) for i=1..N
Pf (i) =
i− 0.5
N
. (3.10)
The Weibull parameters σ0 and ρ are then extracted by least-squares fitting
the formula given in equation 3.9 to the assigned failure probabilities in equation
3.10.
3.3 Results
The fracture strength distributions of KOH and KOH/TMAH etched samples are
displayed in Weibull fracture probability plots in Figure 3.9. All of the tests were
performed in one sitting, one day after the samples were released. The same AFM
cantilever was used throughout the experiments. The smoother KOH/TMAH-
etched beams (Rq = 0.4nm) fail at significantly higher loads than the relatively
rough, macrostep-covered, KOH-etched beams (Rq = 1.5nm). The calculated
strengths were least-squares fit to the Weibull distribution, resulting in Weibull
strengths of 15.8 and 12.8 GPa, for KOH and KOH/TMAH etched beams. These
results imply that nanoscale surface roughness can decrease fracture strength by
almost 20% and that a small change in processing conditions can significantly
influence the strength of nanoscale devices. Both distributions are characterized
by very similar shape parameters. The rough and smooth beams have ρ = 12.2
and 11.3, respectively: the scatter in the strength of KOH-etched beams is slightly
smaller.
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Figure 3.9: Weibull failure probability of beams with rough (KOH-etched) and
smooth (KOH/TMAH-etched) surfaces. The Weibull parameters (σ0, ρ) are (12.8
GPa, 12.2) and (15.8 GPa, 11.3), respectively.
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Figure 3.10: Weibull failure probability of beams with rough (KOH-etched) and
smooth (KOH/TMAH-etched) surfaces. The Weibull parameters (σ0, ρ) are (16.1
GPa, 13.9) and (17.9 GPa, 10.2), respectively.
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Figure 3.11: Weibull failure probability of beams with rough (KOH-etched) and
smooth (KOH/TMAH-etched) surfaces. The Weibull parameters (σ0, ρ) are (13.2
GPa, 18.1) and (15.3 GPa, 9.8), respectively.
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Figure 3.12: Weibull strength distributions obtained from many repeat tests
performed at different sittings. The Weibull parameters (σ0, ρ) are (14.2 GPa, 9.2)
and (16.8 GPa, 9.2) respectively, indicating an 18% higher strength for beams with
smooth surfaces.
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Similarly, Figures 3.10 and 3.11 show the strength distributions from two addi-
tional experiments performed at different times, testing similarly prepared beams
(etched for different times) using the same setup. Figure 3.12 analyzes all the
strength data together. Results from all three experiments show a similar behav-
ior, with higher strengths for smoother beams. However, the strength values show
variations for experiments performed at different times.
3.4 Discussion of results
The increase in strength with decreasing roughnesses can be explained by linear
elastic fracture mechanics. In the absence of intrinsic defects, surface features,
such as steps (Figure 3.3), act as stress concentrators and the beams fail when
the local stress at any surface defect is equal to the theoretical strength value [27].
Extending Williams’ notch analysis [39], the local stress at the root of an ideal
step is
σloc(x) ∼ σg(x) [h (x)/r (x)]
0.456 (3.11)
where σg(x) is the global stress (in the absence of a notch), h(x) is the height
of the step at location x, and r(x) is the distance from the step root. An order
of magnitude calculation suggests that a 100% increase in the mean step height
reduces the global stress at fracture by 35%. A detailed statistical analysis is given
in chapter 4.
In the experiments, since the defects at the top surface and sidewalls were
minimized by the thermal oxidation step, the chemically modified beam backside
surfaces were assumed to be the active flaw sites. The maximum tensile stress
was reproducibly located at the center backside of the beam, where the surface
morphology was well controlled. This control results in the triangular fracture
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geometry observed in Figure 3.4: the fracture planes are parallel to the {111}
oriented trench walls, suggesting cleavage along {111} planes. All of the tested
beams fractured at the center of the beam and along the primary cleavage planes,
{111}. (The cleavage plane is described as the plane with minimum number of
bonds, or with highest elastic modulus (perpendicular to it).)
The well controlled fracture geometry allows for a comparison of the measured
fracture strengths with theoretical calculations. On the {111} cleavage plane, the
experimentally applied stress has both tensile and shear components. The < 111 >
coordinate system X<111> is related to the < 11¯0 > system, X<11¯0> by
X<11¯0> =


cos(30) sin(30) 0
− sin(30) cos(30) 0
0 0 1




cos(35.3) 0 sin(35.3)
0 1 0
− sin(35.3) 0 cos(35.3)


X<111>.
(3.12)
The corresponding transformation matrix,
Q =


0.7068 0.5000 0.5004
−0.4081 0.8660 −0.2889
−0.5779 0 0.8161


(3.13)
[σ111] = Q
T [σ110]Q (3.14)
where
σ110 = σ


1 0 0
0 0 0
0 0 0


(3.15)
The surfaces of our smoothest beams (produced by a KOH/TMAH etch) have
a roughness of 0.4 nm, very close to the atomic spacing of Si: 0.3 nm. If we
assumed that these surfaces were perfectly flat, the 15.8 GPa fracture strength
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(maximum tensile stress along the [11¯0] direction (Figure 3.9), would correspond
to a combination of a 7.9 GPa tensile stress normal to {111} planes and a 5.6
GPa shear stress parallel to {111} planes upon a geometric tensor transformation
using the transformation matrix shown in equation 3.13. These values provide a
lower bound for the actual stresses at fracture, since, in the experiment, fracture
occurred due to a larger local stress (equation 3.11).
In comparison, Roundy and Cohen [27] predicted a pure tensile strength of 23
GPa and a pure shear strength of 6.5 GPa on {111} planes, see Figure 3.13. Im-
portantly, our smoothest beams have strengths close to the theoretical maximum.
This suggests, contrary to the assumptions on brittle failure, that failure on the
Figure 3.13: Comparison of experimental and theoretical strength values
cleavage plane is predominantly due to shear stress. However, to draw any conclu-
sions, an atomistic failure envelope calculation considering the combined effect of
tensile and shear stresses would be necessary.
Chapter 4
A Monte-Carlo simulation of the effects
of surface morphology on strength of
nanostructures
In the previous chapter, testing single-crystal silicon nanobeams, we showed that
even a small increase in chemical etching induced surface roughness significantly
reduces the fracture strength. Nanobeams etched with relatively smooth mor-
phologies (0.4 nm rms) were able to sustain a tensile stress of 15.8 GPa, close
to theoretical strengths predicted by previous atomistic calculations [27]. In con-
trast, nanobeams with nm-high surface step bunches (1.5 nm rms) had a 20% lower
fracture strength, 12.8 GPa.
Here, we investigate the dependance of mechanical strength on the surface
morphology with a fracture mechanics based Monte Carlo simulation. In our cal-
culations, the surface features are treated as randomly distributed steps, each with
a stress singularity at its root. Using a critical stress intensity factor approach,
Weibull strength distributions corresponding to experimentally observed surfaces
are simulated.
4.1 Simulations of Fracture Strength
To explain the experimentally observed fracture strength statistics and to explore
the effects of various surface morphology parameters on strength, a series of frac-
ture mechanics based Monte Carlo simulations were performed. In the simulations,
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volume defects are ignored and the surface roughness is treated as a distribution of
steps each with a corresponding stress singularity. Applying linear elastic fracture
mechanics, the simulated beams fail when the stress intensity factor at any surface
step (defect site) exceeds a critical fracture toughness.
4.1.1 Stress distribution near a single step
As a first step in our analysis, we consider the local stress distribution in the
vicinity of a single surface step under uniform tensile stress to derive an expression
for the stress intensity factor as a function of step height, step location and applied
load.
Consider a body with a re-entrant corner of θ0 degrees loaded under uniform
tensile stress (Figure 4.1). In polar coordinates, the stress anywhere in the body
[40] is given by
σθθ + iσrθ = φ
′ + φ′ + z(φ′′ + ψ′)ei2θ, (4.1)
σrr − iσrθ = φ
′ + φ¯′ − (z¯φ′′ + ψ′)ei2θ. (4.2)
In equations 4.1 and 4.2, φ and ψ are two analytic functions:
φ(z) = Azλ, (4.3)
ψ(z) = Bzλ, (4.4)
where
A = A1 + iA2, B = B1 + iB2, z = z1 + iz2, λ  <. (4.5)
For the step shown in Figure 4.1, applying traction free boundary conditions
(σθθ + iσrθ = 0) at the flank at θ = 0 we obtain
B = −λA− A. (4.6)
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Similarly, traction free boundary conditions at θ = θ0 combined with equation 4.6
lead to: 
 λ(1− e
2iθ0) e2iθ0(e−2iθ0 − 1)
e−2iθ0(e2iθ0 − 1) λ(1− e−2iθ0)



 A
A

 = 0. (4.7)
For non-trivial solutions to exist, the determinant of the above matrix should be
zero: ∣∣∣∣∣∣∣∣
λ(1− e2iθ0) e2iθ0(e−2iθ0 − 1)
e−2iθ0(e2iθ0 − 1) λ(1− e−2iθ0)
∣∣∣∣∣∣∣∣
= 0. (4.8)
This implies
1− cos(2λθ0)− λ
2(1− cos(2λθ0)) = 0. (4.9)
For a 90◦ step, inserting θ0 =
3pi
2
the symmetric and asymmetric singularities were
calculated to be:
λ1 = 0.544, A = (0.544 + i)K1, (4.10)
λ2 = 0.909, A = (−0.22 + i)K2, (4.11)
where K1 and K2 are two constants. Inserting equations 4.10 and 4.11 into equa-
tions 4.1 and 4.2, after some modifications, we can express the local stress in
cartesian coordinates as
lim
r−→0
σij(r, θ) =
K1g
(1)
ij (θ)
r1−λ1
+
K2g
(2)
ij (θ)
r1−λ2
. (4.12)
where r is the distance from the step root, gij(θ) are non dimensional functions
depending on the angle θ, measured from the bottom flank. The constants K1 and
K2 are the stress intensity factors corresponding to symmetric and asymmetric
singularities λ1 and λ2 respectively. They are the only parameters dependent on
the loading.
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Figure 4.1: A surface step under uniform tensile load.
Figure 4.2: The local stress distribution at (θ = pi) near the root of a step under
tensile loading. Inset: The deformed shape of the step.
59
For the Monte-Carlo simulations, an analytic formula for the stress intensity
factors, K1 and K2, as functions of step height and applied load will be needed.
Considering the fact that the singularity contribution for the asymmetric part is
small, (i.e. |λ2 − 1| < |λ1 − 1|); we assume that the fracture will initiate when
K1 ≥ Kc, where Kc is a critical stress intensity factor. Since the only dominant
length scale in the problem is the height of the step, h, we assume that
K1 = Y σh
(1−λ1). (4.13)
where, σ is the applied tensile stress and Y , a non-dimensional parameter depen-
dent on the geometry of the beam.
For fixed step height and fixed applied load, K1 and K2 were determined from
finite element analysis (FEA) simulations using stress correlation. To determine
Y, a series of anisotropic FEA of uniformly loaded steps with different step heights,
h, were performed. For each h, K1 and K2 were correlated with the local FEA
stresses and Y was calculated by least squares fitting the K1 values to equation
4.13, resulting in Y ≈ 0.27. Figure 4.2 compares the FEA and correlated stress,
σ11 along θ = pi as a function of the distance from the step root under uniform
tensile stress for a 5-nm-high step.
As the AFM line scans of Figure 3.3 show, the height, width and location of
the surface steps vary along the length of the beam. Moreover, the beam is subject
to a bending load. From the geometrically-nonlinear FEA simulations of the test
beams it is known that the tensile stress on the beam surface varies as (Figure 4.3)
σ(x) = σf(x). (4.14)
At the beam center f(0)=1.
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Figure 4.3: Normalized stress distribution, f(x), along the length of the beam.
Inset: Deformed shape of the test beam at fracture, with colors representing stress
levels on the bottom surface.
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In equation 4.14, x is the location along the length of the beam, σ is the
maximum tensile stress and f(x) is the distribution of stress in the absence of
steps. Hence, for a single step anywhere on the beam surface, K1 (equation 4.13)
can be expressed as
K1(x) = Y σf(x)h(x)
0.456. (4.15)
4.1.2 Failure criterion
Assuming that fracture initiates when K1(x) ≥ Kc, the fracture strength, σ = σf ,
(i.e. the maximum tensile stress on the beam surface at fracture) can be calculated
as
σf =
Kc
Y f(x)h(x)0.456
. (4.16)
Kc for our step geometry is unknown, but in principle, its value can be estimated
through atomistic simulations [41].
For the case of multiple steps on the surface, considering LEFM, failure is
expected to occur at the step where K1(x) is maximum. Hence, equation 4.16
becomes
σf =
Kc
max(Y f(x)h(x)0.456)
. (4.17)
The fracture initiation point and the fracture strength depend on the combined
effect of the loading and the distribution of surface steps. Beams with larger
surface roughness (higher mean step height, h¯), will fracture at a lower stress. The
fracture strength will scale as h¯−0.456.
For a known step distribution, the fracture strength (to within the constant
Kc) can be calculated by equation 4.17. However, considering that surfaces consist
of randomly distributed steps, to simulate the experimental strength distributions,
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this strength calculation must be repeated for statistically equivalent model sur-
faces corresponding to the KOH and KOH/TMAH etched surfaces shown in Figure
3.3.
4.1.3 Statistical characterization of surfaces
The surfaces of the test beams were characterized with a Poisson-Weibull process,
which is commonly used in characterization of composite materials [42, 43] to
describe the number of flaws or discontinuities along a fiber. The probability of
finding steps with heights smaller than h is represented by a power law distribution
Ph = 1−
(
h
h0
)ξ
, h > h0, ξ < 0 (4.18)
where h0 is the scale parameter (the minimum possible step height is limited to h0)
and ξ is the shape parameter, defining the variation of the height values. The steps
are assumed to be independent identically distributed variables, and accordingly,
the intervals between steps, hence the possible step widths, w, are distributed
exponentially
Pw = 1− e
−
w
µ , (4.19)
where µ is the characteristic step width.
To characterize the surface step height and width distributions, typical central
line profiles of both the KOH and KOH/TMAH etched beams (Figure 3.3) were
processed. Ignoring variations in height that were smaller than 0.2 nm (resulting
from noise), the surface features were approximated as 90◦ steps. The height and
width of the processed steps and their frequencies were calculated. Next, proba-
bilities were assigned to each step height and step width value. The parameters
ξ, h0 and µ were estimated by least-squares fitting the cumulative step height and
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Figure 4.4: Cumulative surface step height (Ph = 1− (
h
h0
)ξ) and step width (Pw =
1− e−
w
µ ) distributions for KOH and KOH/TMAH etched beams. The parameters
(h0, ξ, µ) were estimated to be (0.2 nm, -1.14, 0.11 µm) and (0.2 nm, -10.13, 0.06
µm) respectively.
64
step width probabilities to the functions given in equations 4.18 and 4.19. Figure
4.4 shows the step height and step width distributions for both surfaces.
4.1.4 Generated surfaces
Once the surfaces are characterized, statistically equivalent surfaces were gener-
ated using the estimated parameters. For the height distribution, considering that
the power-law fit for KOH etched surfaces represents the step height distribution
accurately only between a cumulative probability of 0 and 0.9 (Figure 4.4), the step
heights corresponding to probabilities higher than 90 % were ignored. An array of
uniformly distributed random numbers u1 such that u1  (0, 0.90) was generated.
Using the cumulative power-law distributions (equation 4.18), the random step
height array, h was obtained for both surfaces.
h(i) = h0(1− u1(i))
1
ξ . (4.20)
In a similar way, the step width array, w, was generated considering a uniformly
distributed array u2  (0, 1) and equation 4.19
w(i) = ln (1− u2(i))
−µ. (4.21)
The location of steps, x, was assigned by adding up the successive step widths
x(i) =
k=i∑
k=1
w(k), (4.22)
and h(i) was taken as the step height at location x(i), i = 1..N , where N is the
total number of steps on each surface. N was chosen such that
x(N) = L, (4.23)
where L is the effective length of the test beam. Figure 4.5 shows examples of the
1000 generated surface profiles.
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Figure 4.5: Example of generated surface step profiles for KOH (top) and
KOH/TMAH (bottom) etched beams.
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4.1.5 Simulated Weibull fracture probabilities
For each of the 1000 step distributions, the fracture strengths were calculated us-
ing equation 4.17 and simulated Weibull strength distributions were obtained. To
relate the experimental and simulated distributions effectively, Kc was scaled so
that the simulated Weibull strength, σ0, of the (smooth surfaced, high strength)
KOH/TMAH etched beam was equal to the experimental value: 15.8 GPa. Fig-
ure 4.6 compares theWeibull fracture probabilities for the two (KOH and KOH/TMAH
etched) surfaces considered in the experiments. Our simulations indicate that in
the absence of any volume defects, smooth surfaced beams were expected to be
∼ 23% stronger than the beams with rougher surfaces. This is close to the 20%
increase observed experimentally, but the simulations and experiments differ in the
observed scatter in the strength.
4.2 Predictive Calculations
Both our experiments and simulations suggest that a small decrease in the surface
roughness results in a significant increase in the strength. It is expected (equation
4.17) that the strengths would increase for decreasing step heights. How do the
strength statistics change for other possible surface morphologies? In particular,
how will the number of steps and the variability in the step height distributions af-
fect the fracture properties? To answer these questions, we generated hypothetical
surfaces by changing the three parameters; the scale parameter, h0, the power-law
shape parameter, ξ and the characteristic step width, µ, introduced in equations
4.18 and 4.19, and simulated the Weibull fracture probabilities corresponding to
each case.
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Figure 4.6: Simulated Weibull Failure probability of KOH and KOH/TMAH re-
leased beams.Weibull parameters (σ0, m) are (12.1 GPa, 5.1) and (15.8 GPa, 13.6)
for KOH and KOH/TMAH etched beams respectively.
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Figure 4.7: Dependence of Weibull Strength on estimated step height.
Figure 4.8: Dependence of Weibull Moduli, ρ on the width of the step height
distribution, ξ, for different step widths.
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Initially, we considered the combined effects of h0 and ξ. Figure 4.7 shows the
dependence of Weibull strength, σ0, on the mean step height, (h¯ = |ξ|h0/(ξ + 1)).
The strength values in Figure 4.7 are the simulated maximum tensile stresses in the
beam-length direction [11¯0] at fracture as explained in section 4.1. As expected, the
maximum strengths were observed for the lowest h¯ values. For example, decreasing
h¯ from 1nm to 0.25nm resulted in an 80% increase in σ0. A least-squares fit
shows that σ0 changes as ∼ h¯
−0.45. This dependence on h¯ is consistent with
our initial hypothesis in equation 4.17, according to which σ ∼ h−(1−λ1), where
1 − λ1 = 0.456. However, it should be emphasized that the strength values do
not grow infinitely and that there is a lower threshold h¯ value corresponding to
the theoretical maximum strength. Our calculations also showed that the σ0 − h¯
dependence was insensitive to changes in µ, the characteristic step width. Next, by
keeping h0 constant and varying the mean step width µ, we simulated the relation
between ρ and ξ, the shape parameters of the strength and step height distributions
respectively. Figure 4.8 shows that ρ depends on ξ for small step widths. However,
as the step widths increase (increasing µ), the number of steps on the generated
surfaces decreases and only a small portion of the possible step height values are
represented in the surface profile. For fixed ξ and increasing µ (decreasing number
of steps), ρ was observed to decrease (increase in scatter). Similarly, for increasing
µ, ρ became insensitive to ξ.
4.3 Conclusions
In this chapter, we studied the influence of surface morphology (i.e nm high step
bunches) on the fracture properties of nanostructures through LEFM based Monte-
Carlo simulations.
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In section 4.1, we statistically characterized the surface properties of previously
tested beams and simulated their fracture strength distributions. Our results sug-
gest that decreasing the rms roughness from 1.5 to 0.4 nm increased the strength
by 23 %, compared to 20 % observed experimentally. However, the scatter in the
simulated strengths is larger than that observed experimentally.
Next, in section 4.2, we analyzed the effects of surface modification for improve-
ments in fracture reliability, by calculating fracture strength statistics correspond-
ing to hypothetical surfaces. As the mean step height, h¯ is reduced down to a
threshold value (corresponding to the minimum critical defect size), the simulated
strengths increase, approaching the theoretical maximum strength of the material.
The highest strengths and smallest scatter were observed for smallest step
heights and smallest step widths respectively. Hence, in agreement with previ-
ous experimenal results, we conclude that by effective surface control (minimizing
the height and spacing of the surface features), mechanical reliability of nanoscale
materials could be further improved and theoretical strengths could be approached
for practical applications.
Chapter 5
Maintaining high strength in Si
nanobeams using self assembled
monolayers
In the previous chapters, we showed that surface flaws significantly affect the
fracture of nanostructures and that surface modification can result in very high
strengths, close to theoretical values. For practical applications, maintenance of
strength throughout the structure’s service life may be as important as high initial
strengths. Si devices operating in air are expected to have very high or infinite
durability under mechanical loading as Si is not susceptible to stress corrosion
cracking [44]. However, it was previously demonstrated that the native oxide layer
grown under the influence of high stresses in ambient air (amorphous SiO2) may
abet fatigue failure of polysilicon [44, 45, 46].
How does air exposure influence the fracture reliability of single crystal Si under
static loading and how can the service life of Si structures in air be improved? In
this chapter, we show that surface protection plays a crucial role in maintaining
the strength of Si nanobeams in air. AFM fracture tests performed over a period
of 23 days indicate that the fracture strength of H terminated beams was steadily
reduced by approximately 30%, while a methyl surface coating resulted in a 10%
increase in the initial strength value, which was maintained throughout the test
period.
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5.1 Effect of air exposure on fracture strength of materials
To characterize the effects of air exposure on the fracture reliability of nanos-
tructures, 210-nm-thick, 500-nm-wide, 12-micron-long doubly clamped suspended
beams with H-terminated surfaces (released by successive KOH and TMAH etch-
ing as described in chapter 3.1.1) were tested with the AFM method (chapter
2.3).
Figure 5.1 shows the strength distribution for the uncoated beams tested after
3, 13 and 23-day exposures, and the inset shows a test beam before and after
the experiment. At least seven repeat tests were performed at each time interval.
The estimated Weibull strengths were 16.2, 13.9 and 11.2 GPa at the end of 3,
13 and 23 days respectively. The corresponding Weibull moduli were estimated to
be 8, 11 and 7. While the scatter in the strength values do not change much, the
characteristic strength, σ0 is reduced by 30% after the first three weeks of exposure.
5.2 Surface protection with methyl monolayers
It is hypothesized that this drop in the strength is related to the degradation of
the beam surface and that the fracture properties could be improved by surface
protection. It was previously shown that self assembled monolayers protect the
surface of Si MEMS oscillators, resulting in reduced damping [47, 48]. Using the
same tactic, the beams were coated with a methyl (CH3) monolayer before the
tests were repeated. The methyl monolayer was preferred over an alkyl based
coating for the ability to replace 100% of the H- sites without any surface damage.
A long chain alkyl monolayer [-CnH2n+1, n ≥ 2], previously reported to reduce the
strength of polysilicon structures [46], provides only 50 % surface coverage [47].
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To obtain CH3 terminated surfaces, a previously described process [48] was used:
first, the H terminated samples were reacted with Cl2(g) in a high vacuum vessel
under Hg illumination, replacing all H atoms with Cl. The chlorinized sample was
then reacted with a CH3ClMg solution and the Cl atoms were replaced by a CH3
group.
After surface functionalization, the CH3-terminated beams were exposed to the
same office air environment for the same time period as the H-terminated beams
and tested with the same procedure. Figure 5.2 shows the Weibull fracture prob-
ability plots of the beams with methyl terminated surfaces. The results indicate
that the methyl coating resulted in an 18.2 GPa initial Weibull strength after 3-day
exposure which was maintained throughout the test period. Figure 5.3 and Table
5.1 compare the variation of the Weibull parameters for beams with H and CH3
terminated surfaces. The 0.7 GPa increase in the strength of the methyl coated
beam at the 23rd day is unexpected and is likely related to the use of a different
AFM cantilever.
5.3 Discussion of results
Recent works on polysilicon [44, 45, 46] provide many useful insights into the mech-
anisms of strength degradation of nanoscale materials. Although polysilicon does
not undergo stress corrosion cracking under static loads [44], polysilicon devices
subject to high cyclic stresses show evidence of fatigue.
According to Muhlstein and co-workers [46], the alternating tensile and com-
pressive stresses (in the presence of moisture) cause microcracks in the 30 nm-thick
native oxide layer (i.e. amorphous SiO2) that forms in air. Cracks initiating in
the oxide layer grow subcritically under cyclic loading before penetrating into the
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polysilicon substrate, leading to catastrophic failure of the specimen.
Single crystal silicon does not form a thick oxide layer. Instead, as shown in
[49] oxidation is limited to a few monolayers only. However, native oxide, un-
like oxide grown in a controlled environment, does not necessarily have uniform
properties. Experiments by Neuwald and co-workers [50] show that the oxida-
tion process begins by the formation of 1-2 nm diameter oxide nuclei within first
seven hours of exposure. The size of the nuclei remains constant with increasing
exposure time, while new nuclei continue to form. Accordingly, the development
of a full oxide layer on a Si(111) surface requires approximately 33 days. The
oxides formed at room temperature are also expected to be highly stressed. For
the specific case of room-temperature Si(111) oxidation, a compressive stress of
7180 dyne/cm/monolayer has been measured [51]. In contrast, methyl-terminated
surfaces were shown to be much more resistant to oxidation [52].
We hypothesize that the silicon oxide nuclei formed on the H-terminated beams
act as stress concentrators and that the high stress levels result in randomly
distributed local residual stresses both of which contribute to a degradation in
strength. Our results, although inconclusive regarding the exact failure mecha-
nisms under static loading, show that self assembled methyl monolayers protected
the surfaces of single crystal Si nanobeams in air for up to 23 days allowing high
fracture strengths to be preserved. The duration for which surfaces can be main-
tained is unknown but it depends primarily on the environmental conditions and
needs to be characterized. Another interesting question is whether monolayers can
also be used to protect polysilicon surfaces to improve fatigue life of devices [45].
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Figure 5.1: Weibull fracture probability plot of beams with H terminated surfaces.
The Weibull parameters (σ0, ρ) are (16.2 GPa,8), (13.9 GPa, 11) and (11.2 GPa,
7) for 3, 13 and 23 days air exposure respectively Inset: a) SEM image of a test
beam before the experiment b) a fractured test beam.
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Figure 5.2: Weibull fracture probability plot of beams with H terminated surfaces.
The Weibull parameters (σ0, ρ) are (18.2 GPa, 10.6), (18 GPa, 12.3) and (18.7
GPa, 13.6) for 3,13 and 23 days air exposure respectively.
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Figure 5.3: Change of Weibull fracture strength of beams with H and CH3 termi-
nated surfaces with air exposure time.
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Table 5.1: Weibull fit parameters for data in Figure 5.3
Termination Time in air (days) σ0 (GPa) ρ
H 3 16.2 7.8
13 13.9 11.2
23 11.2 6.9
CH3 3 18.2 10.6
13 18.0 12.3
23 18.7 13.6
Chapter 6
Summary and Future work
This thesis studied the fracture of silicon nanoscale structures, and determined
the influence of fabrication processes and environmental factors on the mechanical
performance. The primary motivation for the study was to characterize the mate-
rial’s strength distributions to enable better and more effective designs for future
MEMS applications, operating under very high stress levels.
A second aim was to get a better understanding of brittle failure mechanisms,
specifically, to investigate whether the theoretically predicted high strength values
could be reached and maintained in practical applications. Single crystalline Si,
used at nanoscales, was an ideal material for this purpose: its crystal properties
were well defined, due to small sizes it had very low number of volume defects, and
very importantly its surface defects could be modified through various nanofabri-
cation procedures.
In chapter 3, the surface morphology of prepared samples was modified by
etching in different solutions (KOH and TMAH). Experiments (chapter 3) and
simulations (chapter 4) showed that even a small reduction in the roughness re-
sulted in a considerable increase in strength, which approached values predicted
by atomistic calculations. It was also shown that these high strengths could be
maintained by protecting the surfaces against oxidation. These results are very
promising for the realization of highly stressed MEMS devices.
As suggested by the simulations of chapter 4, the strengths would be further
improved if even smoother surfaces can be obtained. It is hypothesized that by
removing all surface defects ideal strengths could be reached and, as suggested by
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the results of chapter 5, high initial strengths can be maintained through surface
protection. Future work will focus on obtaining high strength structures with
defect-free surfaces, characterizing strength maintenance and on atomistic studies
that will allow efficient comparison between experiments and theory.
Strength modification through annealing
One possible way of obtaining perfectly flat surfaces is annealing the material at
very high temperatures after the initial surface step morphology is defined (for
instance by chemical etching). In their recent work, Lee and Blakely [53] show
that high temperature annealing results in the movement, creation or destruc-
tion of the surface steps and, hence, that it can be used to control surface step
spacings effectively. In their experiments they consider square-patterned Si {111}
mesa structures separated by deep trenches, prepared using photolithography and
dry etching techniques. The samples were heated to temperatures between 1100-
1140◦C by direct current for 2 hours. An AFM observation of the final surfaces
showed perfectly flat, defect-free areas that were as wide as 50 µm.
To test the applicability of this technique to create defect-free surfaces on
MEMS beams, the methods employed in chapter 3 were used to fabricate suspended
doubly clamped beam structures from a boron doped, low resistivity (0.2Ω-cm),
0.5◦ miscut wafers. The samples were annealed to 1100◦C.
These initial attempts significantly improved the surface of the substrate (the
heat treated surfaces consisted of wide flat surfaces separated by macro steps as
expected). However, the suspended test beams were deformed and damaged sig-
nificantly (in some cases they disappeared completely) due to electromigration. It
is believed that this problem can be avoided by repeating the annealing in a high
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vacuum oven instead of through resistive heating.
Surface protection for strength maintenance
The results from chapter 5 suggested that native oxide growth in office air re-
sulted in a significant drop in strength. It was shown that wax-like monolayers can
maintain high strengths by protecting the surfaces for the test period, for approxi-
mately three weeks. However, the period during which the monolayers can provide
effective protection should yet be characterized to estimate the service life of the
device. Tests will be performed after longer exposures in different environments,
with well-controlled levels of humidity. Another important question is whether
surface protection can be successful in improving the mechanical performance of
materials under cyclic loading (surface oxidation was shown to cause catastrophic
failure [46]).
Failure envelope calculations
There will also be an important future effort on the theoretical side. For a more
effective comparison between experiments and theory (chapter 3.4), the fracture
of defect-free materials under mixed mode loading will be simulated with atom-
istic calculations. Recent simulations performed on notched single crystal silicon
suggest that potentials such as Modified Embedded Atom Method (MEAM) are
sufficiently accurate for atomistic fracture analysis [41]. By applying different com-
binations of tensile and shear stresses on a perfect crystal, the failure envelope of Si
will be determined. The simulations will then be extended to include the effects of
surface steps by modifying the strength calculations in the Monte-Carlo simulation
discussed in chapter 4.
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